Potato may have anthocyanin-colored tuber skin, tuber flesh, flowers, leaves, stems and eyes. Anthocyanins protect photosynthetic apparatus of plant cell, scavenge free radicals under stress conditions, increase efficiency of phosphorus and nitrogen uptake, possess osmoregulatory function, antimicrobial activity and have a number of other useful properties. Anthocyanins are also known for their health benefit: diabetes type II and cardiovascular diseases protection, anti-inflammatory effect, etc. Thus, anthocyanins are important for adaptation of plants to unfavorable environment conditions as well as for nutritional value when they are taken with food. Since potato Solanum tuberosum L. is one of the main crop species, possibility to increase anthocyanin content in tuber flesh is important. Anthocyanin concentration in pigmented tuber flesh is similar to that in blueberries, blackberries, cranberries and red grapes. It is important that cooking as well as long storage of potato tubers doesn't affect anthocyanin content. Coloration traits (red or purple tuber flesh) are included in ongoing breeding programs. Therefore, development of tools (convenient diagnostic PCR-markers for anthocyanin biosynthesis genes) for accelerated and efficient selection is of importance. The goal of the current review is to summarize information on the genes regulating anthocyanin biosynthesis in potato and assess possibility of development of diagnostic marker for prediction of tuber flesh color before tuber formation. Anthocyanin biosynthesis takes place in cytosol with the help of enzymes CHS, CHI, DFR, F3H, F3H, F35H and ANS, after that anthocyanins are transported to vacuoles. Activation of biosynthesis is controlled by MBW complex consisting of transcription factors MYB, bHLH and WD40. This complex activates transcription of structural genes encoding the enzymes mentioned above. A number of MYB-encoding genes are identified in potato, among them StAN1 related with anthocyanin biosynthesis. This gene corresponds to the D locus previously revealed with genetic dissection approach and mapped to chromosome 10. The genes encoding bHLH (StJAF13 and StbHLH1) and WD40 (StWD40) have been revealed only by their homology with similar genes of other plant species, but not by genetic dissection, probably because they have no allelic diversity. Thus, the main gene determining high variability of potato by the coloration traits is StAN1. Its allelic variants are described and shown to be related with anthocyanin synthesis efficiency. The StAN1 alleles can be easily distinguished by PCR fragments lengths, what allows constructing convenient diagnostic markers for selection. In some cases, the lack of anthocyanins is due to mutation of a structural gene. This was described in the literature for the R locus encoding DFR enzyme. Mutation of other structural gene, StF35H (locus P), just partially disrupts anthocyanin synthesis, not effecting red pigments, but blue and purple only. This makes the StF3'5'H an attractive target for markerassisted identification of genotypes with different tuber flesh color -purple or red. Thus, there are two main targets for breeding anthocyanin-colored potato -StAN1 and StF35H.
of developing DNA markers that predict the nature of the pulp color in early ontogeny prior to the onset of tuber formation. Ge n e tic r e g ula tio n o f a n tho cya n in s b io syn the si s. The enzymes involved in biosynthesis of anthocyanins and their precursors in higher plants are CHS (chalcone synthase), CHI (chalcone flavanone isomerase), DFR (dihydroflavonol-4-reductase), F3H (flavanon-3-hydroxylase), F3´H (flavonoid-3´-hydroxylase), F3´5´H (flavonoid-3´,5´-hydroxylase), LDOX/ANS (leucoanthocyanidin dioxygenase/anthocyanidin synthase) (see Fig. 1 ). After synthesis in the cytosol, the phenolic compounds are transported to cell vacuoles [35] . In all plant species analyzed to date, tissue-specific accumulation of anthocyanins is associated with the structural gene expression of abovementioned enzymes regulated by three types of transcription factors (TF), i.e. domain MYB, the basic domain "helix-loop-helix" (bHLH) and WD-repeats (repeats of two amino acid residues, tryptophan and aspartic acid, WD) [36] [37] [38] [39] .
The synthesis of anthocyanins in the periderm of tubers of S. tuberosum tetraploid potato was shown to be controlled by loci P (purple) and R (red) mapped in chromosomes 11 and 2, respectively (40) (41) (42) (43) (44) . In this case, the locus P is epistatic to R [40] . Later it was found that P and R are genes encoding the enzymes of flavonoid biosynthesis (F35H and DFR) [45] [46] [47] [48] (see Fig. 1 ). Now the molecular mechanisms underlying the nature of P and R inheritance are clear. Red pigments, the derivatives of pelargonidin, can be synthesized in plant cells with functional CHS, CHI, F3H, DFR and ANS enzymes (see Fig. 1 ), but not in gene R mutant with defective DFR. Synthesis of violet pigments, the derivatives of petunidine and its precursor delphinidin, necessitates the enzyme F35H encoded by P locus (see Fig. 1 ). When it is functional, the precursors of the red pigment are used in the synthesis of delphinidin and petunidin thus switching biosynthesis pathway in a manner which leads to epistasis revealed by genetic analysis. Using DNA analysis, the location of genes encoding other enzymes was determined. CHS and CHI were found on chromosome 5, ANS -on chromosome 8 [47, 49, 50] .
In addition to structural genes, S. tuberosum has loci corresponding to regulatory genes. Locus D (developer; in diploid potatoe S. rybinii Juz. & Bukasov designated as I -inhibitor) located on chromosome 10 encodes the transcription factor R2R3 MYB, which has a high similarity with the product of the previously isolated petunia (Petunia hybrida) regulatory gene -PhAN2 [27, 40, 52, 53] . Additionally to MYB-like TF, orthologs of the petunia genes encoding bHLH, PhJAF13 and PhAN1, are found in S. tuberosum on chromosomes 8 and 9, respectively [47, 49, 50] .
Re g ula to r y MYB f a cto r s. MYB family is one of the most common groups of TF described in plants. Proteins from this family have two specific domains -conservative N-terminal DNA-binding domain of about 50 amino acids and a non-conservative C-terminal region responsible for regulation of the target gene expression [54] . The common characteristic for all MYB factors is the presence of one to four incomplete MYB repeats that can function together or separately in binding DNA and protein-protein interactions, respectively. By the number of repetitions in the MYB domain, this family can be divided into four classes: 1R, R2R3, 3R and 4R [55] . R2R3 MYB family is the largest group of genes that encode TF in plants. They play an important role in regulation of catalytic enzymes, including the biosynthesis of anthocyanins [54, 56] .
Because of tetraploidy and heterozygosity of cultivated potato S. tuberosum, the combination of MYB proteins is more complex than in diploid potatoes. In recent years, much attention has been paid to molecular mechanisms and genes controlling the biosynthesis of anthocyanins or their accumulation in potato tubers [57] [58] [59] [60] [61] [62] , and all researches emphasized the role of gene StAN1-ANTHOCYANIN1 (GenBank accession number JQ418343) (Fig. 2, A) in controlling the expression of structural genes involved in the biosynthesis of anthocyanins and other phenylpropanoids, especially in the periderm and pulp of pigmented tubers [57, 58, 63] . Besides, StAN1 is one of the key genes responsible for differences in the biosynthesis of anthocyanins not only in tubers, but in potato leaves [59] . The StAN1 sequence resembles the petunia gene PhAN2, so this locus was originally named similarly, but was later renamed [57] . StAN1 is not only an important regulator of anthocyanins biosynthesis, but also a key factor in the synthesis of other phenylpropanoids in tubers. It is noted that the expression of the StAN1 gene correlates with accumulation of flavonoids in potatoes under response to drought [63] .
Sucrose (see below) is involved in regulation of StAN1 gene activity [58] .
The role of this compound in modulating the transcriptional and post-translational regulation of many genes associated with pigmentation is well known [64] . Sucrose may enhance the synthesis of anthocyanins, but is not capable of causing changes in anthocyanin deficient mutants [65, 66] . High intraspecific variability of the StAN1 gene is noted [59, 61] , with mutations detected both in the coding and non-coding regions (i.e. in the intron 2 and the exon 3 of the gene). Some mutations lead to loss of important amino acids, necessary for interaction with DNA. Most mutations of StAN1 are either silencing, or are in introns. First, StAN1 816 (AY841128) and StAN1 777 (AY841130) were found in StAN1 [57] , and it was noted that they are found only in potato cultivars with pigmentation of tuber periderm. Allel StAN1 816 is 39 bp longer than the StAN1 777 in exon 3, and 82 bp shorter in the intron 2, so in the PCR analysis, it is easy to distinguish StAN1 816 from StAN1 777 by 43 bp shorter amplification fragments. Later, other alleles were detected, StAN1-r0 (KM822778), StAN1-r1 (KM822779), StAN1-r3 (KM822780) [61] , and it turned out that the r-motif (see Fig. 2 ) is a duplication of 30 bp long region (CTATTGCTCCTCAACCACAA-GAAGGAATTA, 10 amino acid residues -TIAPQPQEGI) in the exon 3. Thus, the alleles are named depending on whether they have these repeats and how numerous the repeats are. The allele StAN1-r1 is defined by us as StAN1 777 , and StAN1 816 is proposed to be designated as StAN1-r2, because in its sequence there are two perfect (non-degenerate) r-repetitions (see Fig. 2 , B). It is assumed that the presence of one r-motif in the exon 3 is optimal for the activation of anthocyanin synthesis, and the absence of r-motif or its excess (three replicates) decreases the functionality of the protein [61] . The manifestation of the allele with two replicates of the r-motif has not yet been evaluated.
StAN1 is expressed in both normal and pigmented tubers, and the expression level of the gene is not proportional to the amount of flavonoids in the plant. Interestingly, the most StAN1 transcripts detected in potato cultivars with nonpigmented peel and pulp had a truncated 3-end. The product of such truncated mRNA is probably unable to activate the biosynthesis of anthocyanins, which may indicate the importance of r-motif as a functional element of StAN1 [61) ]. There-fore, PCR analysis can be developed to accurately identify and map allelic variants of the gene along the DNA amplification fragments. These markers can be used in breeding to select the most effective variant of the regulatory gene StAN1.
Allelic differences of StAN1 affect not only exons and introns. The number of elements associated with sucrose (SURE, sucrose-responsive element) and methyl jasmonate (MeJa, methyl jasmonate-responsive elements) varies in promoters of genes responsible for pigmentation. According to R.S. Payyavula et al. [58] , alleles of the StAN1 gene that cause accumulation of anthocyanins in tubers contain up to six SURE sequences and up to five MeJa motifs in the promoters. In another study, the presence of the SINE retrotransposone in the promoter was shown to be associated with anthocyanin pigmentation of leaves. In genotypes with green leaves (without anthocyanin pigmentation), this element does not appear in the StAN1 promoter [59] . The presence of mobile elements modifies the expression of genes encoding MYB [67] [68] [69] [70] [71] , hence further study of the modification effect of SINE on the StAN1 promoter functions is necessary.
Since some parts (or tissues) of the potato plant (phelloderm, tuber periderm, eyes, leaves, stems, etc.) can be pigmented independently, it has been suggested that locus D contains two (or more) tandem duplication of MYB gene, at that the phenotype modifications are associated with changes in the sequences of different MYB genes [57, 59] . Indeed, by the homology with StAN1, another gene was found, first designated as StAN3, then renamed to StAN2, and also having the synonym StMYBA1 [57] [58] [59] [60] [61] . The predicted amino acid sequence for StMYBA1 with high similarity corresponds to a protein of the R2R3 MYB class (66 % identity to StAN1) [58] . StMYBA1 was assumed to be a copy of StAN1, lost functionality and turned into a pseudogene, as full transcripts of StMYBA1 could not be detected [57] . Later it was found out that expression of this gene can be connected with synthesis of anthocyanins in potato tubers, i.e. two allelic variants, StMYBA1-1 which can be expressed in all tissues irrespective of their pigmentation, and StMYBA1-2, active only in violet tubers [61] , have been identified. Expression in StMYBA1 is significantly lower than that of StAN1, and its strict correlation with accumulation of polyphenols in tubers is not evident. Probably, StMYBA1 regulates the transcription of not only anthocyanin biosynthesis genes [57, 63] .
In Potato Genome Sequencing Consortium (PGSC) database (http://solanaceae.plantbiology.msu.edu/pgsc_download.shtml), other nucleotide sequences for MYB factors conservative in the R2 and R3 domains [58] were identified. One of them, MYB12B, is weakly expressed in the pulp of tubers with a clear inverse correlation between transcriptional activity and the amount of phenylpropanoids. Expression of MYB12B in the remaining organs and tissues of potatoes was not studied. Perhaps this is a truncated transcript of one of the MYB genes found in potatoes.
By homology to AtMYB113 which positively regulates metabolism of phenylpropanoid in Arabidopsis thaliana [72] , StMYB113 [61] was detected and three functionally different gene variants, StMYBA113-1, StMYBA113-2 and StMYBA113-3, were identified. StMYBA113-1 is expressed in both pigmented and nonpigmented potato tissues, while StMYBA113-3 was active only in the violet peel, but has a shortened protein product due to a 130 bp deletion detected in the cDNA and causing the stop codon at the amino acid 9 position. Compared to other alleles, StMYBA113-2, which is expressed only in the red peel, has several deletions leading to amino acid substitutions.
Thus, among MYB-like transcription factors, TF, encoded by the StAN1 gene for which a clear correlation between the functionality of the alleles and the variability in C-end of the protein is revealed, plays a key role in the regulation of
Re g ula to r y bH LH f a cto r s. As it was noted, various R2R3 MYBs regulate the biosynthesis of phenylpropanoids, at that some of the proteins interact to the bHLH factors [36] . bHLH family form the second largest class of TF in plants. The bHLH domain of about 60 amino acids in length is highly conservative. It consists of two functionally distinct regions. The N-end contains 13-17 amino acids and binds to the E-box (enhancer box, present in some promoter regions in the eukaryotic DNA sequence of CANNTG, where N can be any nucleotide). The HLH consists of two amphipathic -helices which mainly contain hydrophobic amino acids and are connected by a loop variable in length. Proteins containing the HLH motif often form homo-or heterodimers with other bHLH proteins, which is necessary for DNA recognition. The interaction of bHLH to R2R3 MYB involved in formation of transcriptional complexes with the promoters of anthocyanin biosynthesis genes seems to be rather important. Thus, the MYB transcription factor (Pp-1 gene) in the absence of bHLH encoded by the Pp3 gene (TaMyc1) is unable to activate the biosynthesis of anthocyanins in the pericarp of wheat weevil [73] .
To date, StbHLH1 (JX848660) and StJAF13/StbHLH2 (KP317176) for two bHLH factors which are involved in regulation of the anthocyanin synthesis in tuber and leaves have been identified in S. tuberosum [58, 59] . These genes are extremely conservative in domains that determine the structure of the bHLH domain, but in the others are very different, which makes the amino acid sequences only 43 % similar. The combination of StJAF13 and StAN1 functional variants predetermines high activity of anthocyanin biosynthesis structural genes and the presence of a pigment in the leaves and tubers peel [59] . The obtained data indicate a complementary interaction of the regulatory factors StAN1 and StJAF13, as a result of which anthocyanins are synthesized [59] . The level of anthocyanin expression is determined by StAN1 gene, whereas transcription of StJAF13 and also StbHLH1, another gene encoding bHLH, does not correlate to accumulation of phenylpropanoids, including anthocyanins, in the pigmented tissues [58, 61] .
Mutant variants of the StJAF13 gene, on the basis of which diagnostic markers could be created, are not yet known in potato. For the StbHLH1 gene, five allelic variants are described and their functional role in certain tissues is assumed [61] , but this information is subject to additional experimental verification.
Re g ula to r y WD 40 f a cto r. The biosynthesis of anthocyanins is usually regulated by the MBW complex formed by the transcription factors MYB, bHLH and WD40. The first 200 amino acids of bHLH are required for interaction with MYB, and the next 200 residues are involved in interaction with WD40 [74] . WD proteins contain four to eight degenerate tandem repeats and interact with other proteins via the repeats [75] .
So far, StWD40 is known to be the only found tetraploid potato gene, the expression of which correlates to the content of phenolic compounds and anthocyanins [58] . Its expression is 3-5 times higher in red and violet tubers. However, this factor alone can not induce the synthesis of phenolic compounds. That is, WD40 is necessary, but not sufficient to activate the anthocyanin pathway. StWD40 gene mutations in potato have not yet been described.
Str uctur a l g en e F35H. Pigmentation of tissues and organs in plants primarily depends on enzymes that directly synthesize polyphenolic molecules. For S. tuberosum, the key gene that switches the synthesis from red pigments to blue and violet is StF35H (see Fig. 1 ). The cDNA sequence of the StF35H gene is known (HQ860267). Introduction of the cDNA of this gene as a transgene changes the color of the peel of potato tubers from red to violet [45] . Therefore, when selecting the mutants in gene StF35H, it is possible to change the color of tuber peel or pulp from violet to red which makes such loci potential targets in programs of potato breeding for anthocyanin composition. Based on the sequencing of the functional and mutant alleles of the StF35H, diagnostic markers can be constructed for controlled selection based on the length of fragments in the PCR. StF35H seems to be a promising target not only for marker-oriented selection, but also for obtaining modified forms using modern safe editing methods. So, using the CRISPR/Cas9 [76] system it will be easy to knock out the StF35H gene to change the color of the tuber peel or pulp from violet to red.
The r o le of sucr o se in the re g ula tio n o f an tho cya n in s b i osyn the sis. The biosynthesis of anthocyanins is usually light-dependent and occurs in the underground parts of the plant as an exception requiring additional mechanisms for activation of the MBW regulatory complex. Such a mechanism in plants is associated with sucrose. Sucrose modulates the regulation of the expression of many genes involved in the synthesis of pigments at the transcriptional and post-translational levels [64] . Sucrose is not only a source of carbon for phenylpropanoid metabolism (through the products of its hydrolysis), but also an anthocyanin biosynthesis regulator [65] . In red and purple tubers, the content of sucrose and glucose is higher than in white or yellow tubers. Sucrose significantly stimulates the expression of StAN1, StbHLH1 and StWD40, enhancing the phenylpropanoid potato metabolism [58] . [58] . Sucrose stimulates the expression of the StAN1 gene encoding the MYB transcription factor; MYB together with bHLH1 and WD40 (transcription factors of the MBW complex) triggers the synthesis of phenylpropanoids (via activation of the transcription of the structural genes of biosynthetic enzymes) and regulates the expression of the sucrose enzyme (SuSy -sucrose synthase, Inv -invertase) genes. The effect of SUSY and INV factors leads to a decrease in the content of sucrose and accumulation of hexoses, the derivatives of which serve as a substrate for the synthesis of phenylpropanoids.
The presence of SURE elements in the StAN1 promoter is consistent with the assumption of regulating its expression with sucrose: in potato with purple and red tubers, there are six SURE elements, whereas white and yellow ones are characterized by the presence of a single SURE element [58] . Sucrose treatment with potato seedlings significantly increases the expression of StAN1 and StbHLH1, and to a lesser extent StWD40. There is a hypothesis about a possible regulatory loop: sucrose activates the expression of the factors that make up the MBW complex, and that reduces the content of sucrose by inducing the enzymes of its hydrolysis with the release of hexoses, the decay products of which serve as precursors in the synthesis of phenylpropanoids (Fig. 3) [58] .
So, the synthesis of anthocyanins in potato tubers is activated by the MBW complex which is formed by transcription factors MYB, bHLH and WD40. The genes encoding these factors are StAN1, StJAF13 (and StbHLH1), and also StWD40. Unlike the conservative genes of transcription factors bHLH and WD40, the StAN1 gene encoding MYB is characterized by a considerable variability. Its alleles are described and their relationship with the efficiency of anthocyanin biosynthesis is shown. StAN1 alleles can be differentiated by the length of specific PCR products. The formation of red or violet pigments depends on flavonoid-3,5-hydroxylase (F35H). Plants with a normal function of MBW regulatory complex and all structural genes of anthocyanins biosynthesis (including StF35H) will produce a purple pigment, whereas the presence of the mutant StF35H gene leads to red pigment production. Thus, StAN1 and StF35H are currently considered as the main target genes in the selection of anthocyanin synthesizing potato plants. R 
